ppm PBTC are present.
INTRODUCTION
Calcium carbonate /1/ and calcium phosphate(s) /2/ are the most frequently encountered deposits in industrial water systems. Their accumulation greatly diminishes effective heat transfer, interferes with fluid flow, facilitates corrosion processes, and can worsen microbiological fouling/3/. These phenomena are most critical in cooling water applications, where incoming water passes through a heat exchanger, cools a "hot" process and is sent back to repeat the same cooling process after it is cooled by forced evaporation/4/. This water loss by evaporative cooling results in high supersaturation levels of dissolved ions. Eventually, massive precipitation of sparingly soluble mineral salts can occur, either in bulk or on a surface that, in some cases, causes catastrophic operational failures. These usually require chemical and/or mechanical cleaning of the adhered scale, in the aftermath of a scaling event. Silica and silicate salts are such examples/5/.
Scale growth can be mitigated by use of scale inhibitors. They are key components of any chemical water treatment added to process waters in "ppm" quantities and usually work synergistically with dispersant polymers/6,7/. Phosphonates belong to a fundamental class of such compounds/8/used extensively in cooling water treatment programs /9/, oilfield applications /10/ and corrosion control /11/. PBTC, HEDP (hydroxyethylidenediphosphonate) and AMP (amino-tris-methylenephosphonate) are "popular" and effective commercial scale inhibitors ( Figure 1) was added. Finally, the desired amount of NaHCO3 was added and the remaining volume was made up with de-ionized water. The final volume of the test solution was 100 mL. The solution was then transferred to an Erlenmeyer flask. The flask was covered and placed in a water bath maintained at 43 C. The solution inside the flask was under constant stirring with a magnetic stirring bar. pH 9.0 was maintained by addition 0.1 N NaOH via an auto-titrator. After a time period of 2 h the flask was removed from the water bath and a sample was filtered through a 0.45 la filter. Analysis by atomic absorption spectroscopy gave the concentration of soluble Ca2+. The remaining solution was covered and stored unstirred at room temperature. A second set of samples was withdrawn from just below the surface 24 h after the pH was first raised to 9.0. The analytical results of these unfiltered samples yielded the dispersed Ca 2+ concentration. No further pH adjustment was made before the 24 h measurement.
It should be noted that the experimental water used in the present study cannot cover the whole range and variability of natural waters used for cooling purposes. It represents, however, a good "model" for the precipitation chemistry taking place in most process cooling waters. Although other metal ions can form foulant salts in supersaturated cooling waters they were not included in the study because they represent a minority of problems. Such sparingly soluble electrolytes will be subjects of future reports.
Biocide Resistance Procedure
Appropriate amounts of stock solutions were used to achieve final concentrations of Ca Figure 2 ). Its performance is comparable to that of HEDP and AMP under similar conditions/12a/. Its effectiveness shows an upward trend as the actives level increases, Figure 2 .
Under the conditions studied, PBTC does not appear to offer any dispersancy properties. This is concluded based on the results obtained for dispersed Ca ( PBTC is virtually immune to oxidizing biocides and does not decompose to any appreciable extent, at least at "normal" biocide dosage (see Table 2 and Figure 4 ). Biocide level used in these experiments (5 ppm) is considered to be fairly high (levels well below ppm are considered common. Even under these "high stress" conditions PBTC does not show any appreciable decomposition.
For comparison, we are presenting data taken from the literature on the effects of various biocides on PBTC. These are taken from the work of Vaska/3a/and are presented in Table 3 and plotted in Figure 5 . It is evident that Vaska's results indicate a more pronounced decomposition of PBTC. This occurs because of the following reasons: (a) The reaction time is longer (2 h vs. 1 h in our study) than our experiments (b) The reaction temperature is much higher (70 C vs. 25 C in our study) (c) Biocide levels are significantly higher (see Table 3 ). These are not realistic for common cooling water biocide applications. (d) The reaction pH is somewhat lower (8.0 vs. 8.3 in our study). This affects effectiveness of hypochlorite, which functions more effectively in lower pH regions.
Calcium tolerance
Certain applications of organophosphonate scale inhibitors are based on their precipitation as insoluble species with ions such as Ca2/, Sr2/, Ba2/, etc. In geothermal wells, for example, precipitation of scale inhibitors as alkaline earth salts is desirable. Large amounts of inhibitor are "squeezed" in the oilfield well and remain there for a specified amount of time, during which the inhibitor precipitates with alkaline earth metals found in the high-salinity brine and eventually deposits onto the rock formation. Once the well is opened again for operation the metal-inhibitor salts slowly dissolve to provide adequate levels of scale inhibitor in solution /17/. Controlled dissolution of these salts is essential, as fast dissolution will lead to chemical wastage and slower dissolution will result in inefficient scale control.
In cooling water applications (particularly in open recirculating sustems) adequate levels of inhibitor at all times is essential. In these systems, occasionally high supersaturation levels of Ca2/, coupled with inhibitor overfeeding may lead to precipitation of insoluble Ca-inhibitor precipitates. Such precipitates can be detrimental to the entire cooling water treatment program for several reasons: (a) 
